We discuss limits on neutrino-Majoron couplings both from laboratory experiments as well as from astrophysics. They apply to the simplest class of Majoron models which covers a variety of possibilities where neutrinos acquire mass either via a seesaw-type scheme or via radiative corrections. By adopting a general framework including CP phases we generalize bounds obtained previously. The combination of complementary bounds enables us to obtain a highly non-trivial exclusion region in the parameter space. We find that the future double beta project GENIUS, together with constraints based on supernova energy release arguments, could restrict neutrino-Majoron couplings down to the 10 −7 level.
Introduction
The confirmation of the zenith-angle-dependent atmospheric neutrino deficit by the Superkamiokande experiment generally has been understood as first significant hint for neutrino masses and thus particle physics beyond the standard model [1] . The other longstanding puzzle of particle physics is the deficit of solar neutrinos [2] . Altogether they constitute the most important milestone in the search for phenomena beyond the Standard Model (SM), indicating the need for oscillations involving all three active neutrino species [3] . The mounting experimental activity in this field promises a bright future for neutrino physics which may prove to be a most valuable source of information on the structure of a more complete theory underlying the standard model of particle physics.
An elegant way to introduce neutrino masses is via the spontaneous breaking of an ungauged lepton number symmetry through a non-zero SU(2) ⊗ U(1) singlet vacuum expectation value (VEV) of a scalar field. This may be implemented in conventional [4, 5] as well as supersymmetric models [6] . The couplings of the corresponding Goldstone boson, generically called Majoron and denoted by J, are rather model-dependent [7] . Here we consider the simplest class of Majoron models, where the Majoron-neutrino coupling matrix g M ij ∝ m ij is proportional to the neutrino mass matrix [8] , so that in the mass eigenstate basis diag (m 1 , m 2 , m 3 ) the Majoron neutrino couplings g i are diagonal, to lowest order
This covers a variety of possibilities including both seesaw-type [4] as well as radiative models [5] .
Limits on this quantity obtained from laboratory experiments searching for Majoronemitting pion or kaon decays are rather weak, with the exception of double beta decay [11] .
On the other hand Majoron emitting neutrino decays affect the expected neutrino luminosity and spectra which are constrained by the observed signal from SN1987A, providing stringent restrictions [12] . While the limits of laboratory experiments on rare decays are given in the weak basis, bounds from processes in supernovae occur in a dense medium and are expressed in the medium eigenstates (see below). In the present work we discuss the correlations of the different limits and their translation into the mass basis. In the next section we derive the expressions for medium and weak eigenstates, following [12, 13] . In section 3 we review the bounds obtained from the supernova SN1987A using various considerations. In contrast to ref. [12] here we include the study of the effects associated to the Majorana CP violating phases present in theories of massive neutrinos [14, 15] . Moreover we investigate (Section 4) the recent bounds from neutrinoless double beta decay as well as those that could be attained in future experiments such as GENIUS [16] . The resulting exclusion plots are discussed in section 5 in the mass basis.
Neutrino mixing in three bases
For neutrinos propagating through a medium one has to deal with three kinds of eigenstates: Flavor eigenstates ν α , mass eigenstates ν
with masses m i , and, depending on the environment, medium eigenstatesν
. The flavor eigenstates are defined as
and the medium eigenstates areν
Here the superscript (h i ) = ±1 refers to the helicity of the state. In the general case it is impossible to diagonalize simultaneously the mass and potential terms. Thus one has to solve the field equations in detail. In a two-component field formalism, where a left-handed four-component field ν expressed in the chiral representation of the γ matrices [14] is related to the corresponding two-component field φ by ν
2 , the Lagrangian can be written in the mass basis as
where σ 2 and σ denote Pauli matrices. Here the free Langrangian L 0 and L med describe the propagation in vacuo and the effects of matter described by the potential matrix V ij , respectively, whereas L int takes into account the presence of neutrino-Majoron interactions which may lead to decays. One has now to consider the decaysν i , p i ) and p j = (E h j j , p j ), and helicity h i and h f respectively. In order to obtain these energy-eigenstates one has to take L 0 + L med and calculate the resulting field equations.
One solves these field equations by expanding the fields φ i (x) as superpositions of planewave spinors with definite helicity, [13, 17] ,
where α( p) and β( k) are helicity eigenstates and P i and N i denote positive and negative frequency components of the field under consideration. One should now substitute medium state weak state potential this expression in the equations (5), whose diagonalization would give rise to the desired eigenstates. It can be shown, though, that for relativistic neutrinos the positive-frequency components decouple from the negative-frequency ones and the energy eigenstates obtained in this way result to be the same as those obtained from the diagonalization of the usual MSW equation [13] , which can be stated as
Here H rel ij ≈ (p + m 2 i /(2p))δ ij and V αβ is the potential matrix in the weak basis,
The potentials induced by the charged and neutral currents are
/n B and n B is the baryon density.
Diagonalizing H rel + UV U † yields the medium eigenstatesν
j . In the three-flavor neutrino case the mixing matrix U can be parametrized as U = U 23 U 13 U 12 U 0 , where the matrices U ij = U ij (θ ij ) perform the rotation in the ij-plane by the angle θ ij and U 0 includes possible CP-violation effects [14, 15] . In the following we will assumme θ 13 = 0, motivated both by detailed fits of the present solar and atmospheric neutrino anomalies [3] as well as by the reactor results of the Chooz experiment [18] . This simplifies the mixing matrix to ν α = U αi ν i = U 23 U 12 U 0 ν i [19] and allows us to set θ 12 = θ ⊙ and θ 23 = θ atm . Now for light neutrinos near the neutrinospheres in supernovae the condition
i /(2p) holds and, since in the weak basis the potential is diagonal, the medium states can be identified with the weak ones up to an arbitrary rotation in the ν µ − ν τ subspace. In order to simplify the expressions we exploit this freedom by choosing this arbitrary rotation angle to coincide with −θ 23 , see Table 1 . This allows us to identify the coupling matrix in the medium basis with the one in the weak basis up to the rotatioñ
Taking now into account that g M = U T g W U and substituting the explicit expressions for the U αi matrices relating mass and weak eigenstates, one gets the following expression,
. (10) This choice of the rotation in the ν µ − ν τ subspace leads to a relation between medium and mass eigenstates characterized only by the solar angle θ ⊙ and by the Majorana CP violating phase δ [14, 15] . Using the definitions ∆m 
Supernova bounds
There is a variety of different arguments based on supernova physics which lead to restrictions on neutrino properties. Processes involving Majoron-neutrino couplings may prevent a successful explosion as well as substantially affect the observed neutrino spectra. A crucial feature to notice is that the effective mass induced by the interactions of neutrinos with background matter breaks the proportionality between the neutrino mass matrix and the neutrino-Majoron coupling matrix g ij . This follows from the fact that the thermal background in the supernova environment consists only of particles of the 1st generation, thus distinguishing the electron flavour from the others. We now describe three different arguments used [12] in order to restrict the relevant parameters.
Constraints from Neutrino spectra
The idea behind this bound is that Majoron-induced transitions between the neutrino flavors could change the energy spectra of the single flavors. At the typical temperatures of the SN core ν µ,τ only interact with the medium via neutral currents giving rise to a smaller cross section than that corresponding to the electron (anti)neutrinos, which feel both neutral and charged currents. Since the opacity of the heavier ν µ,τ flavors is smaller than for the ν e , their energy-exchanging reactions freeze out in the denser region of the protoneutron star, leading to lower spectral temperatures of ν e compared to ν µ,τ . This expected spectrum can be distorted due to the decaysν
Besides the effects of such decays one has to keep in mind the possible oscillation which neutrinos could undergo along their journey to the Earth. In order to consider both aspects we have defined the effective survival probability as
where N decay stands for the survival probability of aν ± i emitted from its energy sphere and can be computed as
Within our relativistic approximation, the helicity-flipping neutrino decays rate are given by Γ(ν
Coming to the oscillation term, the corresponding neutrino survival probability N osc , will depend on the neutrino mixing angle and squared mass difference. We will analyse separately the different solutions of the solar neutrino problem namely small-angle MSW (SMA-MSW), large-angle MSW (LMA-MSW), LOW-MSW and the just-so case. Details about the present status and required parameters of the various solutions can be found in the global analysis of neutrino data presented in ref. [3] . Such a study favours a rather small value for the angle θ 13 , mainly because of data from reactors [18] . In the first three cases neutrinos will propagate through the supernova environment adiabatically. Therefore they will emerge as energy eigenstates, which in vacuum coincide with the mass eigenstates, without any oscillation occuring on the way from the SN to Earth. If one takes into account that neutrinos have to traverse a distance, d, of matter in the Earth to reach the detectors, Kamiokande and IMB, one gets the following expression for their survival probability [20, 21] ,
where l m and θ m denote the oscillation length and the mixing angle in matter, respectively.
As has been previously noted for the simplest choice θ 13 = 0 one has that, besides the fact that ν µ and ν τ behave the same way in the supernova, the conversion ν e → ν µ ′ will be the only oscillation involving electron (anti)neutrinos, allowing us to set the angle which characterizes their mixing to θ ⊙ .
In the vacuum solution case the neutrinos emerge essentially as flavor eigenstates which then oscillate on their way to Earth. Therefore one has
In order to get information on the coupling constants we will conservatively require that at least half of the initial electron antineutrinos emerging from the SN1987A survive, N > 0.5, accounting for the rough agreement between the expected and the detected SN1987A signals.
In order to analyse the implications of this restriction one must generalize the simplest argument used in [20] since neutrinos may loose energy as a result of majoron decays.
This allows us to get some limits on the coupling parameter of the order of g 1 (g 2 ) ≤ few × 10 −4 from the first three solutions to the solar neutrino problem. For the case of vacuum oscillations, though, the solution is already disfavored by the SN1987A data even in the absence of neutrino decays [20] . Though they may narrow it down considerably, the above arguments do not totally close the allowed window of neutrino-Majoron couplings, neither for the SMA, LMA nor LOW solutions, even for a supernova in our milky way.
Constraints from Majoron luminosity
This bound is based on the observation that neutrino decays into Majorons could supress the energy release contained in the neutrino signal. Under the assumption of small ν e − ν x mixing the neutrino signal observed in SN 1987A is in good agreement with numerical computations of the total binding energy released in a supernova explosion. An analysis of decay and scattering processes involved yields the exclusion region [12] 3 × 10 −7 <g ij < 2 × 10 −5 .
Forg ij values smaller than 3 × 10 −7 the Majoron neutrino coupling becomes too small to induce any effect. On the other hand forg ij > 2 × 10 −5 Majorons get trapped in the core and do not contribute to the energy release.
Another point to observe is that CP violating phases affect these limits. This follows from the appearance of the phase δ in explicit form of the Majoron neutrino coupling constants given in eq. (10) . In order to eliminate such an explict CP phase dependence when translating the limit ong ij into the mass basis we have analyzed for each term of eq.
(10) the excluded region for different values of δ and subsequently considered the intersection of the resulting excluded regions. This conservative procedure allows us to rule out part of the parameter space irrespective of the value of CP phase.
As an example we illustrate in Figs 1 and 2 the regions excluded for the LMA MSW solution to the solar neutrino problem. The luminosity bound can be described in two steps. In the first one we take oneg ij from eq. (10) and by means of eq. (11) we write it in terms of g 1 − m 1 . This way we obtain an expression for the energy loss which depends explicitly upon the CP phase δ. Now, by varying that CP phase the bound given in eq. (17) is translated into different ruled out regions. We show in Fig. 1 Before concluding this section we mention the constraints on Majoron-neutrino coupling parameters which arise from the collapsing phase. The idea behind this bound is that a change in the trapped electron fraction could prevent a successful explosion process. At the end of their life massive stars become unstable and, when the iron core reaches the Chandrasekar limit, they implode. Once the nuclear density is reached, a shock wave forms at the core and propagates outwards, turning the implosion into an explosion. The strength and propagation of this shock is sensitive to the trapped electron fraction Y Le = Y e + Y νe , which can be erased by neutrino decays ν e → ν e + J. Requiring Y L (t bounce ) > 0.375 leads to a limit of [12] g ee < 2 × 10 −6 .
However to the extent that current supernova models do not fully account for the explosion mechanism this limit should be taken only as indicative for the moment.
Neutrinoless double beta decay
The only laboratory experiment, which is competitive with the supernova bounds, is neutrinoless double beta decay. This decay corresponds to two single beta decays occuring in one nucleus and converts a nucleus (Z,A) into a nucleus (Z+2,A). Limits on the Majoron emitting mode
are given by two types of experiments. In geochemical experiments the half-life limit is derived from relative abundances of nuclear isotopes found in the earth [22] :
However, half-life determinations vary by more than a factor of three.
The best direct laboratory limit (less stringent but more reliable) from the HeidelbergMoscow experiment [23] is based on a likelyhood fit to the continuous electron spectrum:
Future projects such as GENIUS [16] and EXO [24] aim at considerable improvements in the sensitivity. A very rough estimation of the sensitivity of GENIUS 1t is based on the background simulation in [16] , where a background improvement in the interesting energy range of a factor ∼ 1000 has been obtained. Since in the Heidelberg-Moscow experiment the Majoron-neutrino coupling bounds are dominated by the systematical error of the background simulation, a considerable reduction of the background by a factor of B will reduce the limit on the Majoron-emitting double beta decay half life by ∼ √ B and the coupling constant limit accordingly by ∼ 4 √ B. This implies a reach of sensitivity down to g ee ∼ 10 −5 , which could bridge most of the gap existing between the more reliable limits derived from SN1987A.
Discussion and conclusions
In figures 3 to 6 we present the limits on Majoron-neutrino couplings in terms of m 1 − g 1 corresponding to the various solutions of the solar neutrino problem. In Fig. 7 we display the results for the LMA solution also in terms of the equivalent m 2 − g 2 variables. This representation has been selected for convenience and generality. By further specifying the underlying model for lepton number violation one can re-express our results in terms of the lepton number breaking VEV, which will provide also useful information for model-builders. The limits obtained in this paper apply to the simplest class of models where neutrino masses arise from the speontaneous violation of lepton number. Such Majoron models which cover a wide and attractive class which includes both models where the smallness of neutrino masses follow from a seesaw scheme, as well as those where it arises from the radiative corrections.
Both neutrinoless double beta decay as well as supernova physics arguments provide stringent limits on Majoron-neutrino interactions. In the present work we have discussed these limits and their translation into the mass basis. Generalizing previous papers [12] we have now taken into account the effect of CP violating phases, which play a crucial role in the neutrinoless double beta decay limits. Depending on the solution of the solar neutrino 
